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Abstract 
Herein, we combine Density Functional Theory (DFT) with ab initio molecular dynamics at 
ambient conditions to calculate surface properties of and CO binding trends to the 
electrocatalytically relevant Pt(111), Cu(111), Ag(111), and Au(111) metals. By accounting for 
thermal effects both the RPBE GGA and the B97M-rV meta-GGA functionals show better metal 
surface strain trends, CO binding energetics, and the correct low-coordination site preference for 
the Cu(111) and Pt(111) surfaces. The importance of dispersion is evident at finite temperatures, 
with only B97M-rV exhibiting binding energetics in agreement with experiment for the Ag(111) 
and Au(111) surfaces, and is found to consist of a mixture of chemisorbed and physisorbed CO 
species. Overall this work begins to address a longstanding theoretical discrepancy with 
experimental observations on these important metals relevant to the electrochemical CO2 reduction 
reaction through the full accounting of thermal fluctuations.  
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INTRODUCTION 
The electrochemical CO2 reduction reaction (CO2RR) is one of the most promising technologies 
available for converting greenhouse gases into useful chemicals using renewable energy sources.1-
3 Given the low concentration of CO2 adsorbed at the active metal interface, the inherent 
mechanism of CO2RR has proved to be difficult to investigate experimentally, although new 
spectroscopic surface sensitive and operando measurements are starting to emerge4. It has also 
been a long–standing theoretical challenge to accurately predict the CO2RR reaction mechanism 
by faithfully reproducing the binding energies and activation barriers observed experimentally for 
key species such as CO, H, OH, and COOH on electrode surfaces. CO adsorption on metal surfaces 
in particular has been widely treated as a benchmark for theoretical surface science studies5-7, 
because CO is an electrocatalytically active intermediate from which viable pathways to C1 and 
C2 products are formed on Cu or known to be end products on metals such as Ag, Au, or Pt.5,6   
Density Functional Theory (DFT)8-10 is almost universally used in catalysis modeling today11, 
typically at the level of a generalized gradient approximation (GGA) due to its lower 
computational cost and reasonable accuracy for molecular chemistry, but has yielded mixed 
success for surface science and heterogeneous catalysis. A particular Achilles heel has been the 
inability to predict adsorption energies and adsorption-site preferences on electrocatalytically 
relevant metals, in which numerous theoretical studies have reported the drawbacks of the GGA 
functionals on predicting the physical and chemical properties of metal surfaces.12-18 Often the 
most cited reasons are due to the inexact exchange–correlation term19-21 including lack of non–
local correlation which is necessary to describe dispersion interactions22-24, and posteriori missing 
thermodynamic corrections13,25-27. In response, a number of GGA functionals have been developed 
to better reproduce adsorption energies, such as the RPBE GGA functional which fulfills the Lieb-
Oxford criterion by construction.14  
An alternative is to investigate new DFT functionals. While a number of new hybrid DFT 
functionals that incorporate exact-exchange and range-separation are available28-31, they are not 
viable given their computational expense for the long-term goal of a complete description of the 
solid-liquid interface. However, one rung lower on Jacob’s ladder are the meta-GGA functionals 
that incur only ~4 times the expense of a GGA, and are possible contenders for a complete DFT 
model for electrocatalysis. Just recently a benchmark study investigating the newer meta-GGA 
functionals including the first-principles SCAN32-34, semi-empirical RTPSS35, and B97M-rV36,37 
models, reported on their ability to reproduce experimental bulk and surface relaxation properties, 
and CO adsorption energies and site preferences, on the M(111) where M = Pt, Cu, Ag, Au metal 
surfaces in comparison to the GGA functional RPBE.38 While RPBE performed well for the 
benchmark bulk and surface relaxation properties,  the SCAN meta-GGA32-34 and semi-empirical 
meta-GGA B97M-rV36,37 yielded mixed results, displaying under-relaxed surface layer 
displacements and/or strong overbinding of CO on Pt and Cu. Disappointingly, all DFT functionals 
considered did not predict the CO adsorption site preference – the atop site for all metals observed 
at low CO adsorbate coverage – instead predicting stronger binding to multi-coordinated metal 
sites. The correct binding site is a necessary prerequisite to more accurately predict the inherent 
mechanism of a catalytic reaction, and this has been an ongoing problem with all DFT calculations 
to date. But a further indicator for problems ahead for the modified RPBE functional is its inability 
to describe something as basic as the water dimer for which it performs very poorly.38 By contrast, 
the B97M–rV36,37 functional gives good performance not only on the water dimer, but also an 
excellent description of bulk water39,40, revealing its potential feasibility for better theoretical 
predictions at the solid-liquid interface.  
As is standard in nearly all electrocatalysis computational work, DFT functionals are 
evaluated at 0 K although all electrochemical surfaces, adsorbants, and reactions are 
experimentally produced under finite temperature conditions. Although thermodynamic 
corrections in the harmonic regime have been used, they can’t account for the genuine thermal 
(and pressure) fluctuations that are manifest in all catalytic experiments. Thermal energy serves as 
a true measure of energetic stability (kbT)25,41, and molecular fluctuations of the liquid/solid 
interface will undoubtedly influence the chemical pathways taken by electrochemical reactions. 
To address this important aspect of electrocatalysis modeling, we have used ab initio molecular 
dynamics (AIMD)42,43 in the NVT and NPT ensemble to better and more directly simulate the 
natural statistical fluctuations of an electrocatalytic surface under ambient conditions.44  
Herein, we consider the entropic thermodynamic forces and how they manifest in the 
experimental bulk and surface relaxation properties, and CO adsorption energies and site 
preferences, on the M(111) surfaces where M = Pt, Cu, Ag, Au using the GGA functional RPBE38 
and the meta-GGA functional B97M–rV36,37. Our results show that both RPBE and B97M-rV 
functionals exhibit greater expansion of the top layers of the bare M(111) surface, which in turn 
modifies the adsorption energy and site preference of CO on all four metals. Both functionals show 
greatly improved binding energies for the CO binding to the Cu(111) and Pt(111) metal surfaces 
when evaluated at 300 K, with stronger preference for CO binding to the under-coordinated atop 
site for all metals at finite temperature. Thermalization exposes the importance of dispersion 
interactions, with only the B97M-rV functional predicting weak binding energetics in agreement 
with experiment for the Ag(111) and Au(111) metals evaluated here, but are seen to be a mixture 
of chemisorbed and physisorbed CO species. Overall a more realistic accounting of statistical 
fluctuations of a canonical ensemble is shown to improve DFT agreement with experiment, setting 
the stage for future studies involving more realistic and robust models of the solid-liquid interface 
of many electrocatalytic reactions.  
RESULTS 
The model for the bulk metal and bare M(111) surfaces and adsorbate-surface sites are provided 
in Figure 1. Six metal layers are employed in total to describe the surface layer and bulk character 
of the metals, with each layer containing 36 (6 x 6) metal atoms with no constraints used to fix 
layers, but instead simulating periodic boundary conditions in the x-y plane. All ab initio molecular 
dynamics (AIMD) simulations are performed in the NVT ensemble, except for the Au(111) and 
Ag(111) surfaces at the RPBE level of theory which were calculated in the NPT ensemble as their 
NVT bulk systems were found to be unstable. Adsorption properties are averaged across nine CO 
molecules placed onto the surface to construct a low ~25% coverage of available metal sites, also 
shown in Figure 1, for which the experiments at ambient conditions indicate that the atop site is 
preferred for all metals examined here. All AIMD simulations reported are comprised of 2 ps 
trajectories, with statistics for observables collected over the last 1.5 ps. Further details are 
provided in Methods and in the Supplementary Information. 
 
Figure 1. Bulk metal and metal surface models used to describe structural relaxations and CO 
binding preferences. (a) The 6 x 6 model for the bare M(111) surface, with interlayer distances d12 and d23; 
the dbulk value is defined as the averaged distance over the last two interlayer distances. (b) Initial condition 
of nine adsorbed CO molecules on the surface, corresponding to a low coverage result of 0.25; only the 
atop site configuration is shown here, but a similar set up was used for the initial condition of the other 
three multi-coordinated sites (bridge, fcc, and hpc shown in Figure S1) for Pt and Cu.  
Interlayer relaxation of metal surfaces.  
We carried out static calculations at 0 K with the RPBE and B97M-rV functionals for the metal 
models displayed in Figure 1 to determine interlayer distances d12, d13, and d23, values and calculated 
layer-layer percentage relaxations with respect to dbulk values for each metal at each condition. Overall, 
the 0 K results generated with the RPBE functional appear to agree well with the experimental 
data trends for Pt(111) and Cu(111), while also showing acceptable expansion trends for Au(111), 
but yielding poor agreement for surface relaxations for the Ag(111) metal. By contrast the 
interlayer distances for the B97M-rV functional at 0 K are more compressed on average across the 
Pt(111), Cu(111), and Au(111) metals with respect to experiment, and surface relaxation trends 
are also poorly reproduced for the Ag(111) metal. This result is the same for different plane wave 
cutoff values (Table S1) and different cell sizes and different numbers of frozen layers to better 
enforce the bulk lattice constant of the meta-GGA DFT model (Table S2).  
Table 1. Interlayer surface relaxations for M(111) (M = Pt, Cu, Au, Ag) using RPBE and B97M-rV. All 
thermal calculations report NVT ensemble results, except for Au(111) and Ag(111) surfaces using RPBE which 
were evaluated in the NPT ensemble. The unit of distance is Å. 
  
RPBE B97M–rV 
Experimentb 
Non-thermal Thermal Non-thermal Thermal 
Pt d12/dbulk +0.9%  0.0%a –0.9% +0.45% +1.6% 
d23/dbulk +0.4%  0.0% –2.2% 0.0% 0% 
d13/2dbulk +0.9% +0.2% –1.3% +0.45% +0.9% 
 dbulk 2.30 2.33±0.03 2.30 2.27±0.02 2.27 
Cu d12/dbulk 0.0% +0.9% –2.5% –0.5% –0.7% 
d23/dbulk –0.5% –0.5% +1.0% –1.0%  –0.6% 
d13/2dbulk –0.5%   0.0%  –1.0% –0.5%  –0.5% 
dbulk 2.09 2.13±0.04 2.09 2.03±0.03 2.09 
Ag d12/dbulk +2.6% +0.9% +1.3% 0% –2.5% 
d23/dbulk +1.7% –0.4% –0.9% –0.4% +0.6% 
d13/2dbulk +1.9% +0.2% 0.0%  –0.2% –1.5% 
dbulk 2.34 2.44±0.03 2.34 2.37±0.02 2.36 
Au d12/dbulk +2.9% +1.6% –0.8% +1.6% +1.5% 
d23/dbulk –0.4% –0.4% –3.9% –0.4% --- 
d13/2dbulk +1.2% +0.4% –2.3% +0.8% ---- 
dbulk 2.41 2.44±0.02 2.41 2.38±0.03 2.36 
aThe Pt(111) metal properties in the NVT ensemble are found to be the same as the NPT ensemble as tested for 
the RPBE functional: interlayer distances (and surface relaxations), d12 = 2.34±0.02 (+0.2%), d23 = 2.34±0.03 
(+0.0%), dbulk = 2.34±0.02, d13 = 4.67±0.05 (+0.2%), and 2dbulk = 4.66±0.05.) 
bExperimental data for Pt(111)45-47, Cu(111)47,48, Ag(111)47,49, and Au(111)47,50. Surface relaxations are 
representative for room temperature, most reporting the Debye temperature. The one exception is Au(111) which 
undergoes significant reconstruction and is kept colder than 300K. 
But in order to better compare to the thermodynamic condition of the experiments, the surface and 
bulk properties evaluated with DFT should be collected as thermal averages of surface strain and 
bulk metal properties, which are also provided in Table 1 and Figure 2. We note that previous 
experimental work has estimated a lattice heating time constant on the 1-10 ps timescale for 20 
nm metal films for Cu and Au51, which would suggest that the 2.0 ps AIMD simulation timescales 
(the first 0.5 ps are discarded as equilibration) are sufficient for our simulated ~1 nm thick metals.  
 
Figure 2. Calculated interlayer relaxation (%) of M(111) (M = Pt, Cu, Ag, Au) surfaces. Experimental 
results are also depicted here for comparison. The absent error bars are all less than 0.07 Å, relative to the 
DFT functional dependent layer-layer distances in the bulk. 
For the RPBE functional at 300 K the thermal effects weaken the M...M interactions and induce 
more flexibility, resulting in a larger <dbulk> that increase absolute error with respect to experiment 
(Table 1). Previous work has reported that RPBE severely underestimates cohesive energies of the 
four transition metals examined here52, which likely explains the uniform expansion of the <dbulk> 
values when thermal energy is added. The thermal effect diminishes agreement with experiment 
for the relative surface relaxations for Pt(111) and Cu(111), although there is some improvement 
for Ag(111) and Au(111) (Figure 2). The ambient temperature results for the B97M–rV functional 
corrects the 0 K surface relaxation percentages significantly, and trends move more consistently 
toward the experimental data for all M(111) surfaces. For both the GGA and meta-GGA 
functionals, the fluctuations of the interlayer distances <d13> and <2dbulk> are generally anti-
correlated (Figure S1) to maintain the stability of the whole surface, and the improvement to the 
<d13> relaxation for B97M-rV especially is attributable to its convergence to the same average 
<2dbulk> value not seen at 0 K as shown in Table 1.  
Metal surfaces with CO adsorbates 
Because the correct metal surface strain trends are attributable to the finely balanced occupation 
of metal d states for adsorbate–surface interactions, one would conclude from Table 1 and Figure 
2 that the RPBE GGA at either temperature, and the B97M-rV meta-GGA evaluated at 300 K, 
might be able to predict the adsorption energies and adsorbed-site preference trends for the CO 
intermediate53, especially for the Cu(111) and Pt(111) surfaces. The popular RPBE functional in 
particular has provided reasonably reliable results for chemisorption energies at 0 K of relevant 
catalytic intermediates such as CO previously, although never the low-coordination site preference. 
For Cu(111), experimental adsorption energies are available for the atop, hpc, fcc, and 
bridging sites, and CO site preference occurs in the order atop > fcc > hcp > bridge54,55, whereas 
experimental adsorption energies for all other M(111) metals report only the atop site binding 
energy, as that site is thought to be strongly preferred with respect to the multi-coordinated 
sites.16,56-62 Figures 3 and 4 summarize the DFT results using the RPBE and B97M-rV functionals 
for CO binding energy at 0 K and CO thermodynamic surface stability at 300 K, at 25% coverage 
for the more strongly binding Cu(111) and Pt(111) and the weakly binding Ag(111) and Au(111) 
metal surfaces; numerical results are also reported in Table S3. We note that previous work for CO 
on Cu found that timescales for phonon coupling is on the ~ 1 ps timescale63, and thus our AIMD 
simulation timescales are sufficient for establishing at least CO binding trends. Here we emphasize 
a few general observations as well as a number of surprises that emerge from the comparison of 
the DFT functionals under the different thermodynamic conditions for CO adsorption energetics 
and metal site preferences on the M(111) surfaces.  
Both DFT functionals improve their agreement with experiment for the CO chemisorption 
energies for Cu(111) and Pt(111), in which thermalization corrects for the overbinding at 0 K 
(Figure 3a and 3b), and in which both prefer the atop site as well. However, with thermalization 
the RPBE functional now slightly underbinds CO to Cu(111) on average, and does not predict the 
experimental chemisorption energy trend for the other sites. By contrast the meta-GGA functional 
at 300 K predicts the relative binding energy trend with coordination site consistent with 
experiment, and correctly ranks the bridge site as least stable for Cu(111) as is evident in the 
dynamics (Figure 3c). The quantitative results can be quite sensitive to the pseudopotential as we 
have shown previously38,64, and the plane wave cutoff plays a role too (Figure S2), but the 
qualitative effect of thermal fluctuations is to create slightly larger M−C−O angles and longer 
M−C distances as the main indicator of a weakened bonding interaction between the metal at the 
atop site and the adsorbed CO (Figure 3d and Table S4).  
 
Figure 3. Thermal effect on adsorption energies for CO on M(111) surfaces for 25% coverage 
reported by experiment. Calculated and experimentally observed adsorption energies for CO on the atop, 
bridge, fcc and hcp sites at 0 and 300 K for (a) Cu(111) and (b) Pt(111). All numerical values are provided 
in Table S3. We used time-averaged energies for each system to calculate the adsorption energies as 
explained in the Method section. We note that even at 0 K we find that the RPBE functional prefers the 
atop site, although this is dependent on cutoff values (Figure S2); calculations using 400 Ry and 1200 Ry 
cutoff values prefer the atop site at 0 K, but the fcc site is the most preferred at 800 Ry cutoff. Absent error 
bars are all less than 0.02 eV/CO. (c) Binding energy vs. time for B97M-rV, illustrating CO adsorbed on 
Cu(111) surface at the bridge site for the first 100 fs, but moving to the atop position due to the strong 
energetic preference for CO binding at this site. (d) Representative geometries from two different 
perspectives of the CO adsorbed on Cu(111) at the atop-site for both B97M-rV and RPBE, showing the 
deviations from linearity of the M-C=O angle at 300 K 
For Pt(111) we used a small core pseudopotential for the DFT functionals which we have 
shown previously results in small errors when benchmarked on a single metal-carbonyl system 
using a high quality hybrid DFT functional.38,64 In this case the CO binding energy at the atop site 
of the metal with RPBE using AIMD are in good numerical agreement with experiment, but there 
is a stronger preference for the CO to bind at the hcp site at 0 K and 300 K. Although the CO 
binding energy for Pt(111) is still overbound by ~0.2 eV/CO using B97M-rV at 300 K, it prefers 
the atop site in agreement with experiment. On the basis of radial distribution function gM-C(r) 
generated, the integration under the first peak indicates that there is 100% chemisorbed CO at any 
temperature for both DFT functionals (Figure S3).   
 
Figure 4. Thermal effects on CO binding to the weakly binding Ag(111) and Au(111) surfaces. Shown 
are the radial distribution function (RDF) between the metal and carbon of CO, gM-C(r), for RPBE and 
B97M–rV after 1.5 ps (black) and 2.0 ps (red) of AIMD production runs, and the corresponding integration 
to assess the running coordination number across the 9 atop sites on the surface. The blue dash lines 
correspond to the chemical adsorption and the region between blue and black dash lines present the physical 
adsorption; beyond the RDFs are probing second nearest neighbors. Representative snapshots are depicted 
to show the mixture of chemisorbed, physisorbed, and/or desorbed CO molecules (circled in green) at the 
last 1.5 ps time point of the AIMD simulation. The statistical data is collected after 500 fs’s pre-equilibration 
for the 2 ps trajectories. (a) gAg-C(r) and (b) gAu-C(r) and running coordination for RPBE at different time 
scales showing continual loss of CO and preferences for the gas phase. (c) gAg-C(r) and (d) gAu-C(r) and 
running coordination for B97M–rV showing a mixture of chemisorbed and physisorbed CO. 
 
The same calculations were performed for the CO adsorption energy on the atop site of the 
Ag(111) and Au(111) metal surfaces (Figure 4). For the RPBE functional at either temperature, 
CO is predicted to be more stable in the gas phase for the two weaker binding metal surfaces, given 
their positive adsorption energies (Table S3). According to Figure 4a and 4b, the first gM-C(r) peak 
gradually shrinks in the simulations over time, indicating that the number of initially bound CO 
molecules on Au(111) and Ag(111) surfaces is decreasing, and for which we observe the near 
complete dissociation of CO from Ag(111) on the 2 ps timescale of the AIMD simulation. The 
observation that CO effectively does not bind to the weak metal surfaces using the RPBE 
functional, with or without thermalization, arises in part from the lack of a dispersion interaction 
term14, unlike the B97M-rV functional.  
In fact the B97M–rV functional exhibits binding energetics that agree with experiment on the 
atop site at any temperature, with better agreement found for Ag(111) than for Au(111). More 
interestingly, the thermalized weak binding surfaces reveal a mixture of chemisorbed and 
physisorbed CO molecules for the B97M-rV functional, with ~6 CO (~64%) and ~7 CO (~80%) 
molecules chemisorbed on Ag(111) and Au(111) surface, respectively, with the remaining CO’s 
located up to ~4.0 Å from the adsorption site, which would be the evidence for physisorption. But 
given the good agreement with experiment for the free energy of CO binding to the Au(111) and 
Ag(111) surfaces, the B97M-rV result would propose that experiments might be measuring a 
mixture of chemisorbed and physisorbed CO species. Thermal fluctuations create much larger 
M−C−O angles and longer M−C distances for the chemisorbed species at the atop site on the 
Au(111) and Ag(111) surfaces which would diminish the binding strength further compared to the  
stronger binding Pt(111) and Cu(111) metals (Table S4).  
 
DISCUSSION AND CONCLUSION 
In this work we have eschewed post-calculation (harmonic) thermodynamic corrections in favor 
of ab initio molecular dynamics that directly accounts for thermal fluctuations of the M(111) 
surfaces M=[Ag, Au, Cu, and Pt] and their CO binding motifs. We have compared two different 
DFT functionals, the GGA RPBE and the meta-GGA B97M-rV, which were chosen for several 
reasons. First and foremost they are computationally affordable when one looks ahead to the next 
goal of atomistic modeling of the solid-liquid interface. Second the RPBE functional14 has become 
a popular choice for surface science studies and electrocatalysis applications52, whereas meta-
GGAs such as the B97M-rV functional36,37,39 is still undergoing evaluation across a range of 
applications.35,38,64,65  Finally, we believe that several general conclusions can be drawn in regards 
the effect of the entropic effects for DFT by considering these two functionals specifically.  
Previous work has reported that the overall performance of RPBE for lattice parameters, 
cohesive energies, and surface energies of the four transition metals examined here is worse than 
that of the parent PBE functional52, in spite of its better performance for describing chemisorption 
energies for molecules like CO. This would suggest that RPBE at 0 K has a reliance on the severe 
underestimation of cohesive metal energies52, to create reasonable metal configurations to enable 
good CO binding trends across a range of metals. But we find that all of the metals systematically 
expand when RPBE is simulated at 300 K, which is manifest in some slight underbinding and 
inconsistent site preferences for CO binding on Cu(111), and complete CO desorption on the 
Ag(111) and Au(111) surfaces even given the short length of our (painfully collected) AIMD 
simulations, a result consistent with its lack of any dispersion model. 
The metal surface contractions evaluated with the B97M-rV functional evaluated at 0 K 
are greater than RPBE and experiment, and thus thermal energy flow systematically expands the 
metal surfaces too, but now in such a way to describe more correctly all interlayer distances and 
surface relaxation properties of the four metals. Consistent with these findings, the B97M-rV 
functional systematically prefers the atop adsorption site for CO for the Cu(111) and Pt(111) 
surfaces, reproduces the relative binding energy trends for the remaining multi-coordinated sites 
for Cu(111), and CO is found to weakly bind to the atop adsorption site for Ag(111) and Au(111) 
surfaces with energetics in remarkable agreement with the experimental observations. Although 
the AIMD simulations used here are quite short, we expect the following qualitative results to hold 
with B97M-rV, namely, that while the Pt(111) and Cu(111) surfaces show complete chemisorption 
of CO, the experiments may actually be reporting an average of chemisorbed and a small fraction 
of physisorbed species on the Ag(111) and Au(111) surfaces. Furthermore, because the B97M-rV 
meta-GGA gives an excellent description of bulk water properties39,40, and conbined with this work 
better establishes a theoretical foundation for describing the electrolyte properties at the 
electrocatalytic surface in the future. 
Finally, we believe a few general trends learned in this work on RPBE and B97M-rV in 
particular will hold when evaluating any DFT functional in general. Thermal effects are seen to 
populate different normal modes of the metal surface, causing a significant change in their surface 
relaxation profiles. Because these surface strain trends correlate with CO binding motifs, 
thermalized statistical averaging influences the preferred CO adsorption site and the relative 
strength of binding to other sites on any given metal surface. Although predicting the CO 
absorption preference on the atop site of electrocatalytic metals has eluded DFT previously, we 
suspect that DFT functionals which are more accurate for intermolecular interactions, when 
properly evaluated at ambient conditions, will on average determine this site preference correctly 
more often than not. 
In summary, the continued quest to find reliable theory to understand mechanisms for 
CO2RR (and other coupled reactions such as the oxygen evolution reaction) has traditionally 
focused on better quantum mechanics but less so on the statistical mechanics that is required to 
match the laboratory conditions for electrocatalysis. In this work we have shown that these oft 
separated theoretical frameworks ignores the true nature of statistical fluctuations on top of what 
may or may not be a reasonable potential energy surface with a given level of quantum mechanics. 
That is, the relative performance of any DFT functional at 0 K for describing interlayer relaxations 
and CO adsorption energies at 300 K is not always reliable – and a more meaningful comparison 
is the ability to describe an experiment at or near the thermodynamic state point at which data is 
collected. At the same time, a better study on the relative merits of DFT for describing 
electrocatalysis must go beyond this work, as there are still unresolved issues around simulation 
time scales, pseudopotentials, basis sets, distance cutoffs, numerical quadrature, and differences 
in software packages. Nonetheless our results suggest that DFT functionals might be better than 
we thought for electrocatalysis, or at least not as bad as we feared, upon full consideration of the 
detailed fluctuations of a complete statistical mechanical ensemble. 
 
METHODS 
All calculations were carried out with DFT using the dispersion corrected meta-GGA functional 
B97M–rV36,37 and revised GGA RPBE14 method in combination with TZVP basis sets optimized 
for multigrid integration66 as implemented in the CP2K package67,68. The normal-conserving 
pseudopotentials69 were used for describing the interactions between the frozen cores and electrons 
in valence shells. In all cases, we used periodic boundary conditions with a cutoff value of 400 Ry 
and relative cutoff of 60 Ry. All the slabs were repeated periodically with a 15 Å vacuum layer 
between the images in the direction of the surface normal. 
Static 0 K calculations. Based on previous work we established a bulk model within the GPW 
formalism, by replicating the unit cell four times along the three cell axes (264 atoms in total).38 
Using the parameters obtained from bulk calculations, the slab model was built with a different 
number of surface layers for testing. Results presented in the main text are for the case of a 6 × 6 
× 6 supercell with three bottom layers frozen. For the CO adsorbed systems at a coverage of ~0.25, 
nine CO molecules were put onto the surface at equal spacing. During the geometry optimizations, 
the converged criteria were 3 × 10-3 bohr for atomic displacements and 4.5 × 10-4 hartree/bohr for 
the forces. 
AIMD simulations at 300 K. We investigated thermal effects by using AIMD simulations, with 
a slab model containing six layers with 6 × 6 atoms per layer; no layers were fixed in the 
simulations. All molecular dynamics simulations with the B97M–rV functional are performed by 
sampling in the canonical (NVT) ensemble employing Nose−Hoover thermostats70,71, with a time 
step of 1 fs and a temperature of 300 K. The same NVT protocol was used for the RPBE functional 
for Pt(111) and Cu(111), but the NVT simulations led to large distortions of the structure for 
Ag(111) and Au(111) metals. Hence for the latter we then used an isobaric-isothermal ensemble 
(NPT)72 for these two surfaces. Statistical averages were collected over 2 ps of production after 
0.5 ps equilibration, where convergence was measured by the settling of the energy fluctuation to 
~0.25 kcal mol-1 per atom. Using the equilibrated structure, we add CO adsorbates onto different 
sites of the surface according to the geometries obtained in the static calculations, and ran an 
additional 1.5 ps starting from 15 independent equilibrated trajectories of the surface calculations. 
The time-averaged distances and adsorption energies are generated from all the trajectories during 
equilibration. Herein, the time-averaged adsorption energy is calculated as: 
<ΔEads>300K = [<E(M–9CO)>300K – 9<E(CO)>300K – <E(M)>300K]/9 
And to quantify the error of the statistical values, we consider the standard deviation based on the 
distance and energy fluctuations: 
σ = !"# ∑ (𝑋'( − 〈𝑋'( 〉)-#.  
The time-averaged 𝑋'(  value is collected on each 100 fs. 
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